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B Abstract We are rapidly approaching the postgenomic era in which we will know
all of the 3 billion DNA bases in the human genome sequence and all of the varia-
tions in the genome sequence that are ultimately responsible for genetic influence on
behavior. These ongoing advances and new techniques will make it easier to identify
genes associated with psychopathology. Progress in identifying such genes has been
slower than some experts expected, probably because many genes are involved for each
phenotype, which means the effect of any one gene is small. Nonetheless, replicated
linkages and associations are being found, for example, for dementia, reading disabil-
ity, and hyperactivity. The future of genetic research lies in finding out how genes work
(functional genomics). It is important for the future of psychology that pathways be-
tween genes and behavior be examined at the top-down psychological level of analysis
(behavioral genomics), as well as at the bottom-up molecular biological level of cells
or the neuroscience level of the brain. DNA will revolutionize psychological research
and treatment during the coming decades.
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INTRODUCTION

Psychopathology is the primary psychological target for molecular genetic at-
tempts to identify genes. Most of what is known about the genetics of psychopathol-
ogy comes from quantitative genetic research involving family, twin, and adoption
studies, not just in demonstrating the ubiquitous influence of genes but also in
going beyond heritability to investigate the genetic and environmental etiologies
of heterogeneity and comorbidity, to understand the etiological links between the
normal and abnormal and to explore the interplay between nature and nurture in
development (Plomin et al. 2001a). This review, however, focuses on attempts to
identify genes responsible for the heritability of psychopathology. This focus is
not meant to denigrate quantitative genetic research, which is even more valu-
able in the postgenomic era because it charts the course for molecular genetic
research (Plomin et al. 2003a), nor is it meant to disparage research on environ-
mental influences, which are as important as genetic influences for most types of
psychopathology. For example, an exciting area of research on psychopathology is
the developmental interactions and correlations between nature and nurture. Our
focus on attempts to identify genes responsible for the heritability of psychopathol-
ogy in the human species complements the previous Annual Review of Psychology
chapter on behavioral genetics, which considered single-gene influences on brain
and behavior primarily in nonhuman species (Wahlsten 1999), and a recent chapter
on human quantitative genetic research on gene-environment interplay (Rutter &
Silberg 2002).

THE HUMAN GENOME PROJECT

The twentieth century began with the rediscovery of Mendel’s laws of heredity,
which had been ignored by mainstream biologists for over 30 years. The word gene
was first coined in 1903. Fifty years later the double helix structure of DNA was
discovered. The genetic code was cracked in 1966. The crowning glory of genet-
ics in the twentieth century was the culmination of the Human Genome Project,
which provided a working draft of the sequence of all 3 billion letters of DNA
in the human genome (International Human Genome Sequencing Consortium
2001).

For psychopathology the most important next step is the identification of the
DNA sequences that make us different from each other. There is no single hu-
man genome sequence-—we each have a unique genome. The vast majority of
the DNA letters are the same for all human genomes, and many of these are the
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same for other primates, other mammals, and even insects. Nevertheless, about
one in every thousand nucleotide bases of DNA letters differs among people with
at least 1% frequency. which means there are at least 3 million DNA variations.
Although there are many types of these DNA differences, most involve a substi-
tution of a single nucleotide base pair, called single nucleotide polymorphisms.
DNA differences in the coding regions of genes or in the regions that regulate
gene expression are responsible for the widespread heritability of psychopathol-
ogy. That is, when we say that psychopathology is heritable, we mean that vari-
ations in DNA exist that increase (or decrease) risk of psychopathology. When
all DNA variations are known, especially functional DNA variations that affect
transcription and translation of DNA into proteins. the major beneficiary will be
research on complex traits such as psychopathology that are influenced by multiple
genes,

Progress is being made toward identifying all of the genes in the genome, but
much remains to be learned——even about what a gene is. In the traditional sense of
the “central dogma” of DNA, a gene is DNA that is transcribed into RNA and then
translated into amino acid sequences. Less than 2% of the more than 3 billion bases
of DNA in the human genome involves genes in which DNA is transcribed and
translated in this way. It is not yet known how many such genes there are in the hu-
man genome. It used to be said that there are 100,000 genes, but the 2001 working
draft of the human genome suggested far fewer, perhaps as few as 30,000, although
estimates of the number of genes have been rising again as the genome becomes
better understood. Moreover, some of the other 98% of DNA may be important, for
example, DNA that is transcribed into RNA but not translated. For nearly all genes,
a complicated process called splicing occurs between transcription and translation.
All of the DNA within a gene is transcribed into RNA, but segments of RNA (called
introns) are deleted and remain in the nucleus while the other segments (called
exons) are spliced back together and exit the nucleus, where they are translated into
amino acid sequences. Although in the past introns were thought to be genetic junk
that has hitched a ride evolutionarily, it is now known that in some cases introns
regulate the transcription of other genes. A recent finding is that many noncoding
RNA sequences called microRNA act as genes by producing RNA molecules that
regulate gene expression directly, rather than being translated into amino acid se-
quences (Eddy 2001). Exons are conserved evolutionarily—most of our exons are
highly similar to DNA sequences in primates, mammals, and even invertebrates.
This implies that the sheer number of such genes is not responsible for the greater
complexity of the human species. Subtle variations in DNA rather than the num-
ber of genes are responsible for differences between mice and men (Brett et al.
2002). If subtle DNA differences are responsible for the difterences between mice
and men, even more subtle differences are likely to be responsible for individual
differences within the human species. Although many rare and severe disorders
caused by a single gene involve mutations in exons, DNA variations in introns
and microRNA might be sources of more subtle effects on complex traits such as
psychopathology.
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THE POSTGENOMIC ERA

Functional Genomics and Behavioral Genomics

As advances from the Human Genome Project continue to be absorbed in DNA
research on psychopathology, optimism is warranted about finding genes, the main
topic of this review. The future of genetic research will involve a shift from finding
genes to finding out how genes work, called functional genomics. Three huge areas
of functional genomic research have emerged: gene manipulation, gene expression
profiling, and proteomics (Phillips et al. 2002, Plomin & Crabbe 2000).

Gene Manipulation

One way to study how a gene works is to knock it out by breeding mice for which
DNA sequences that prevent the gene from being transcribed have been deleted.
These are called gene knock-out studies. Genes can also be inserted, or “knocked
in.” There has been an explosion of research using targeted mutations in mice
(Phillips et al. 2002). Newer techniques can produce more subtle changes that
alter the gene’s regulation and lead to increases or decreases in the frequency with
which the gene is transcribed. Techniques are even available to affect particular
brain regions and to turn genes on and off at will. The approach is not without
problems, however. Currently, there is no way to control the location of gene
insertion in the mouse genome or the number of inserted copies of the gene, both
of which can affect gene function.

A different approach, using antisense DNA, circumvents some of these prob-
lems and does not require breeding. Antisense DNA is a DNA sequence that binds
to a specific RNA sequence and thus prevents some of the RNA from being trans-
lated, which “knocks down” gene function. Injected in the brain, antisense DNA
has the advantage of high temporal and spatial resolution (Ogawa & Pfaff 1996).
Antisense DNA knockdowns affect behavioral responses for dozens of drugs (Buck
et al. 2000). The principal limitations of antisense technology currently are its un-
predictable efficacy and a tendency to produce general toxicity.

Gene Expression Profiling

Genes are transcribed (expressed) as their products are needed. Gene expression
can be indexed by the presence of messenger RNA (mRNA), which is transcribed
from DNA and then travels outside the nucleus to form a template from which
amino acids, the building blocks of proteins, are assembled in sequences in the
process called translation. Microarrays are now available that can detect the ex-
pression of thousands of genes simultaneously. Unlike DNA studies, in which
every cell in the body has the same DNA, gene expression studies depend on the
tissue that is sampled. For psychopathology, brain is of course the critical tissue,
which will make it difficult to apply this technology to humans. However, gene
expression profiling is being used widely in research on animal models to compare
brain tissue before and after an event in order to identify genes whose expression
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is triggered by the event. For example, a gene expression profiling study of more
than 7000 genes in 2 strains of mice investigated gene expression in the hippocam-
pus during ethanol withdrawal following chronic ethanol exposure and found that
about 100 genes are expressed in the hippocampus during withdrawal (Daniels &
Buck 2002). Gene expression profiling is analogous to functional neuroimaging
at the level of the gene.

Proteomics

Gene expression profiling assesses gene transcription as indexed by RNA. The
next step toward functional genomics is to study the function of the proteins that
result from translation of RNA. The term “protein genomics” led to the neologism
“proteomics.” Proteomics is much more difficult than genomics because, unlike
the triplet code of DNA that governs the genome, there is no simple code for
understanding the proteome. There are also several complications. First, it has been
estimated that about half of all human genes are alternatively spliced into exons and
introns and thus translated into different proteins (International Human Genome
Sequencing Consortium 2001). Second, after translation proteins are also modified.
It has been estimated that for each human gene three different modified proteins
with different functions are produced (Banks et al. 2000). Third, although the amino
acid sequence of a protein, its primary structure, can be predicted with certainty
from the expressed DNA sequence, the mechanism determining secondary and
tertiary folding upon which the properties of the protein depend, is currently poorly
understood. Fourth, proteins tend to attach themselves to, or form complexes with,
other proteins so that understanding protein function ultimately depends on the
understanding of protein-protein interactions.

Behavioral Genomics

Gene manipulation, gene expression profiling, and proteomics are examples of
bottom-up molecular biological approaches to functional genomics. Nearly all of
this research is conducted using animal models because in humans it is not pos-
sible to manipulate genes and it is difficult to obtain brain tissue needed for gene
expression profiling and proteomics. Although there are mouse models related
to psychopathology [e.g., alcoholism {Crabbe 2003), anxiety (Lesch 2003), and
dementia (Williams 2002a)], mouse models are obviously more problematic for
cognitive disorders such as autism, reading disability, and communication disor-
ders. Nonetheless, as genes are found, even for cognitive disorders, understanding
how these genes work in the brain will profit from functional genomic research
using animal models (Crusio & Gerlat 1999).

The bottom-up molecular biological approach to functional genomics is not
the only level of analysis at which we can investigate how genes contribute to
human psychopathology. At the other end of the continuum is a top-down level
of analysis that considers the behavior of the whole organism. The term “behav-
ioral genomics” has been suggested to emphasize the potential contribution of a
top-down psychological level of analysis toward understanding how genes work
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(Plomin & Crabbe 2000). For example, part of understanding how genes work
is to understand how genetic effects interact and correlate with experience, how
genetic effects on behavior contribute to change and continuity in development,
and how genetic effects contribute to comorbidity and heterogeneity between dis-
orders. These are issues central to quantitative genetic analysis, which has gone
beyond merely estimating heritability (Plomin et al. 2002c). Behavioral genomic
research using DNA will provide sharper scalpels to dissect these issues with
greater precision (Plomin et al. 2002b).

Behavioral genomics will make important contributions toward understand-
ing the functions of genes and will open up new horizons for understanding
psychopathology. Few psychopathology researchers are likely to join the hunt
for genes because it is difficult and expensive, but once genes are found it is rela-
tively easy and inexpensive to make use of them. Although it used to be necessary
to collect blood samples, DNA can now be obtained painlessly and inexpensively
from cheek swabs. Cheek swabs yield enough DNA to genotype thousands of
genes, and the cost of genotyping is surprisingly inexpensive. What has happened
in the area of dementia in the elderly will be played out in many other areas
of psychopathology. As discussed later, the only known risk factor for late-onset
Alzheimer’s dementia is the gene APOE. Although the association between APOE
and LOAD was reported only a decade ago (Corder et al. 1993), it has already be-
come routine in research on dementia to genotype subjects for APOE to ascertain
whether the results differ for individuals with and without this genetic risk factor.
For example, the association between APOE and dementia has been found to in-
teract with head injury, smoking, cholesterol level, and estrogen level (Williams
2003). For these reasons, we predict that psychopathology researchers will rou-
tinely collect DNA in their research and incorporate identified gene associations
in their analyses, which will greatly enrich behavioral genomics.

FINDING GENES

Greater progress by far has been made towards finding genes in the area of psy-
chopathology than in any other area of psychology, although progress has nonethe-
less been slower than some had originally anticipated. We begin this review with
the psychoses (schizophrenia and mood disorders) and then turn to cognitive disor-
ders (dementia, autism, reading disability, communication disorders, mental retar-
dation), and finally consider hyperactivity and alcoholism. Our goal is to provide
overviews of recent linkages and associations in these areas, rather than to review
quantitative genetic research, provide encyclopedic or historical reviews of molec-
ular genetic research, or discuss the function of the genes (for more detail on these
topics, see McGuffin et al. 2002, Plomin et al. 2003b).

A brief description of linkage and association may be useful (Bishop & Sham
2000, Sham 2003). Linkage is a departure from Mendel’s law of independent as-
sortment that posits that two genes will be inherited independently. Most of the
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time independent assortment does take place, but Mendel did not know that genes
are on chromosomes. If two DNA polymorphisms (sequences of DNA called DNA
markers that differ between individuals)—for example, a DNA marker in a gene
for a disorder and another DNA marker—are close together on a chromosome, they
will tend to be inherited as a package within families rather than independently as
predicted by Mendel. In this way, with a few hundred DNA markers, it is possible
to screen the genome for cotransmission between a marker and a single-gene dis-
order within large family pedigrees. Linkage is most powerful for finding rare
single-gene disorders in which a single gene is necessary and sufficient for the
emergence of the disorder. For example, the linkage of Huntington’s disease with
DNA markers was found in a five-generation family of hundreds of individuals
when a particular form (allele) of a DNA marker on chromosome 4 was only
found in family members who had Huntington’s disease (Gusella et al. 1983).
Similar linkage studies have identified the chromosomal location of hundreds of
single-gene disorders, and the precise DNA fault has been found for many of these
disorders. Linkage only points to the neighborhood of a chromosome; a house-to-
house search is then needed to find the culprit gene, a process that took 10 years
in the case of Huntington’s disease (Huntington Disease Collaborative Research
Group 1993).

In the 1980s linkage studies of this type were also undertaken for psychopathol-
ogy even though there was no evidence to suggest that such complex disorders
are inherited as single-gene disorders. Early successes were claimed for bipolar
depression (Egeland et al. 1987) and for schizophrenia (Sherrington et al. 1988),
but neither claim was replicated. It is now clear that this traditional linkage ap-
proach can only detect a linkage if the gene has a large effect on the disorder, a
situation best exemplified by relatively rare disorders such as Huntington’s dis-
ease, which has a frequency of about 1 in 20,000 individuals. Common disor-
ders such as psychopathology seldom show any sign of single-gene effects and
appear to be caused by multiple genes as well as by multiple environmental fac-
tors. Indeed, quantitative genetic research suggests that such common disorders
are usually the quantitative extreme of the same genes responsible for variation
throughout the distribution (Plomin et al. 1994). Genes in such multiple-gene sys-
tems are called quantitative trait loci (QTLs) because they are likely to result in
dimensions (quantitative continua) representing liability to disorders (qualitative
dichotomies) that only manifest when a certain threshold is exceeded (Falconer
1965). The QTL perspective is the molecular genetic extension of quanti-
tative genetics in which genetic variation tends to be quantitatively and normally
distributed.

The goal of QTL research is not to find the gene for a complex trait but rather
the multiple genes that make contributions of varying effect sizes to the variance
of the trait. Perhaps one gene will be found that accounts for 5% of the trait
variance, 5 other genes might each account for 2% of the variance, and 10 other
genes might each account for 1% of the variance. If the effects of these QTLs
are independent, they would in total account for 25% of the trait’s variance. It is
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unlikely that all of the genes that contribute to the heritability of a complex trait
will be identified because some of their effects may be 100 small to detect or their
effects may be nonadditive (called epistasis). The problem is that we do not know
the distribution of effect sizes of QTLs for any complex trait in plant, animal, or
human species. Not long ago a 10% effect size was thought to be small, at least
from the single-gene perspective in which the effect size was essentially 100%.
However, for behavioral disorders and dimensions, a 10% effect size may turn
out to be a very large effect. If effect sizes are 1% or smaller, this would explain
the slow progress to date in identifying genes associated with behavior because
research so far has been woefully underpowered to detect and replicate QTLs of
such small effect size (Cardon & Bell 2001). There can be no doubt that finding
genes for complex disorders will be difficult (Sturt & McGuffin 1985, Weiss &
Terwilliger 2000).

Recent research has been more successful in finding QTLs for complex traits
because designs have been employed that can detect genes of much smaller effect
size. Linkage has been extended to consider QTLs by using many small families
(usually pairs of siblings) rather than a few large families. These QTL linkage
methods can be used to study the extremes of a quantitative trait or a diagnosed
disorder and are able to detect genes that account for about 10% of the variance
of the quantitative trait or the assumed liability or susceptibility to the disorder
with reasonable sample sizes. The essence of the most popular method, called sib-
pair QTL linkage analysis, is to ask whether sharing alleles for a particular DNA
marker makes siblings more similar phenotypically. Siblings can share none, one,
or two of the alleles they inherit from their parents. Thus, in relation to a particular
DNA marker, a pair of siblings can be like adoptive siblings sharing no alleles on
average, like dizygotic twins sharing one allele on average, or like monozygotic
twins sharing the same two alleles.

Sib-pair QTL linkage analysis assesses the extent to which allele sharing is
correlated with sibling phenotypic resemblance. The most popular variant is called
the affected sib-pair design, in which both siblings are diagnosed for a disorder (or
both are extreme on a quantitative trait). Because the expectation is that siblings
share one of their two alleles, linkage for the disorder is indicated if allele sharing
is significantly greater than 50% when both siblings are affected.

The second method, called association (or linkage disequilibrium), can detect
QTLs that account for much smaller amounts of variance than linkage (Edwards
1965, Risch 2000, Tabor et al. 2002). The fundamental reason for the greater
power of association over linkage is that the information content for association is
proportional to the QTL heritability (the effect size of the QTL), so that halving the
effect size will increase the required sample size fourfeld. In contrast, for linkage
the information content is proportional to the square of the QTL heritability, so
that halving the effect size will increase the required sample size 16-fold (Sham
et al. 2000). Association is the correlation between a particular allele and a trait
in the population. For example, as discussed below, a gene called apolipoprotein
E (APOE) has an allele (called APOE-4), which has a frequency of about 40%
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in individuals with late-onset Alzheimer’s disease and about 15% in controls.
APOE-4 has a large effect, but it is not necessary or sufficient for the development
of the disorder—it is a risk factor that increases susceptibility to the disorder. At
least a third of individuals with Alzheimer’s disease lack the allele, and about half
of individuals who have a double dose of this allele survive to age 80 without
developing the disease (Williams 2003). It sounds contradictory to refer to a QTL
association with a dichotomous disorder such as Alzheimer’s disease because
diagnosed disorders are present or absent rather than quantitative traits. However,
if several genes contribute to the disorder, the genes will produce a continuum of
liability to the disorder; only those whose liability exceeds a certain threshold will
present as affected.

Most association studies involve case-control comparisons for diagnosed dis-
orders or for extremes of a dimension. One problem with any comparison between
two groups such as cases and controls is that inadequate matching between the two
groups could jeopardize the conclusion that a particular QTL causes differences
in psychopathology between the groups. A check on this possibility is to study
associations within families, which controls for demographic differences between
cases and controls { Abecasis et al. 2000, Spielman & Ewens 1996). Although such
within-family designs have been favored in recent years, there is a strong tendency
to use the more powerful and efficient case-control design Lo find associations
and then to use within-family designs and other strategies (Pritchard & Rosenberg
1999) to confirm that associations are not spurious {Cardon 2003, Cardon & Bell
2001).

The following sections review recent linkage and association research on the
most active areas of research in psychopathology: schizophrenia, mood disorders,
dementia, autism, reading disability, communication disorders, mental retardation,
hyperactivity. and alcoholism.

Schizophrenia

Despite large collaborative linkage studies carried out in Europe and North Amer-
ica. identification of the genes involved in schizophrenia remains elusive. Linkages
that have received support {rom international collaborative studies include chro-
mosome 6 (6p24-22), chromosome 8 (8p22-21), and chromosome 22 (22q11-12)
(Owen & O'Donovan 2003). Other nominated linkages that have received some
replication include chromosomes 1 (1q21-22), 5 (5q21-q31), 10 (10p15-pi1), and
13 (13q14.1-q32) (Waterworth et al. 2002). However, in every case there are neg-
ative as well as positive findings. For example, a multicenter linkage study of 779
schizophrenic pedigrees excluded linkage on 1q (Levinson et al. 2002). The largest
single-center systematic search for linkage, which included 196 affected sib pairs,
effectively excluded any gene conferring a relative risk of 3 or more from over
80% of the genome (Williams et al. 1999). In order to detect linkages involving
relative risks of 2 with a p of only .05, sample sizes of 800 affected sibling pairs
will be needed (Scott et al. 1997).
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Interestingly, the linkages on chromosomes 13 and 22 have also been reported
to be linked with bipolar disorder (Berrettini 2000). This would be in keeping with
the most recent analysis of twin data on schizophrenia and bipolar disorder, which
suggests there is considerable genetic overlap (Cardno et al. 2002).

The focus on schizophrenia has turned to association studies that are capable
of detecting genes with smaller effect sizes. The most obvious place to begin such
studies is with candidate genes involved in the drugs that control schizophrenic
symptoms, dopamine and serotonin receptors, although candidate gene studies
are also being extended to other gene systems, with hundreds of such reports
in recent years (Owen & O’Donovan 2003). Several studies have investigated
common polymorphisms in a serotonin receptor gene (SHT2a). A meta-analysis
based on more than 3000 subjects supports a small (odds ratios of 1.2 in which
1.0 represents chance) but significant role for the T102C polymorphism of SHT2a
(Williams et al. 1997). Sample sizes of 1000 cases and 1000 controls are required
for 80% power to detect an effect of this size (p < 0.05). Interest in the dopamine
D2 receptor gene faded after initial positive reports were countered by several
negative reports from large studies (Owen & O’Donovan 2003). However, the gene
that codes for the dopamine D3 receptor has yielded a significant odds ratio of 1.2
in a meta-analysis, although several negative results have been reported (Williams
et al. 1998).

Mood Disorders

The story for major depression and bipolar depression is similar to schizophre-
nia. Large-scale linkage studies of bipolar depression have suggested linkages
on chromosomes 12 (12q23-q24) and 21 (21q22) in several but not all studies
(Badner & Gershon 2002, Baron 2002, Jones et al. 2002, Kalidindi & McGuffin
2003). Chromosome 18 linkage has also been suggested in several studies but
the “hits” have not centered on a single region (Van Broeckhoven & Verheyen
1999). As mentioned in relation to schizophrenia, linkage has also been sug-
gested on chromosomes 13 and 22 (Berrettini 2000). Several other linkage regions
have been proposed in at least two studies such as chromosomes 1 (/¢3/-32)
and 4 (4pl6) (Baron 2002) and chromosomes 15 (15¢11-q13) and 16 ({6pl3)
(Kalidindi & McGuffin 2003). For unipolar depression, linkage studies have just
begun and findings are unclear (Mathi et al. 2000).

As with schizophrenia, numerous recent studies of mood disorders have at-
tempted to find associations with candidate genes. The gene that codes for sero-
tonin transporter (hSERT) has received the most attention because it is involved
in the reuptake of serotonin at brain synapses, which is the target for selective sero-
tonin reuptake inhibitor antidepressants such as Prozac (fluoxetine). A functional
repeat polymorphism in the hSERT promoter region (SHTTLPR) was reported
to be associated with major depression in a study of 275 cases and 739 controls
and with bipolar disorder in a study of 304 bipolar cases and 570 controls (Collier
etal. 1996). However, in 8 follow-up studies totaling 719 cases of major depression
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and 1195 controls, only one study replicated the original finding. For bipolar dis-
order, of 9 follow-up studies totaling 943 cases and 1164 controls, only two stud-
ies replicated the original finding (Lesch 2003). Beginning with a study in 1996
(Lesch et al. 1996), several studies have reported that SHTTLPR is associated
with anxiety-related dimensions in community samples, but 22 studies of more
than 5000 subjects do not provide much support for this hypothesis (Lesch 2003).
Stronger support for the involvement of SHTTLPR comes from 8§ studies of violent
suicidal behavior, of which 3 are positive, and from 8 studies showing an effect on
treatment response to selective SHT transporter inhibitors, of which 6 are positive
(Lesch 2003). One study has recently shown an association between SHTTLPR
and postpartum depression (Coyle et al. 2000).

Candidate genes in dopaminergic, noradrenergic, glutaminergic, and GABAer-
gic pathways have also been investigated, but no clear associations have as yet
emerged (Jones et al. 2002, Kalidindi & McGuffin 2003). For example, early as-
sociation research focused on tyrosine hydroxylase, but a meta-analysis of 547
bipolar cases and 522 controls showed no significant effect (Turecki et al. 1997).
Three association studies indicate that catechol-o-methyltransferase is associated
with rapid cycling in bipolar disorder (Jones et al. 2002).

Candidate gene association studies have also begun to aim at other mood-related
disorders such as anxiety and eating disorders, but no promising associations have
as yet emerged (Eley et al. 2002). For example, a polymorphism in the promotor
region of a serotonin receptor gene (SHT2A) was reported to be related to anorexia
nervosa (Collier et al. 1997), but a subsequent meta-analysis showed no statistically
significant association (Ziegler et al. 1999).

Dementia

Dementia yielded the first solid QTL finding and it remains the best success story.
Research a decade ago focused on a rare (1 in 10,000} type of Alzheimer’s disease
that appears before 65 years of age and shows autosomal-dominant inheritance.
Most of these early-onset cases are duc to a gene (presenilin-1) on chromosome
14 (St. George-Hyslop et al. 1992) that was identified in 1995 (Sherrington et al.
1995). As is often the case with single-gene disorders, dozens of different muta-
tions in presenilin-1 have been found, which will make screening difficult (Cruts
et al. 1998). A similar gene, presenilin-2, on chromosome | and mutations in
the amyloid precursor protein gene on chromosome 21 also account for a few
early-onset cases (Liddell et al. 2002, Williams 2003).

The three genes that contribute to early onset Alzheimer’s disease account for
less than 2% of all Alzheimer’s cases (Farrer et al. 1997). The great majority of
Alzheimer’s cases occur after 65 years of age, typically in people in their seven-
ties and eighties. A major advance toward understanding late-onset Alzheimer’s
disease was the discovery of a strong allelic association with the apolipoprotein
E gene (APOE) on chromosome 19 (Corder et al. 1993), the first QTL for psy-
chopathology. This gene has three alleles (confusingly called alleles 2, 3, and 4).
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The frequency of allele 4 is about 40% in individuals with Alzheimer’s disease
and 15% in control samples. This result translates to about a sixfold increased
risk for late-onset Alzheimer’s disease for individuals who have one or two of
these alleles. In a meta-analysis of 40 studies involving 15,000 individuals, ele-
vated frequencies of APOE-4 were found for Alzheimer’s patients in each study,
although the association was stronger among Caucasians and Japanese and weaker
in African-Americans (Farrer et al. 1997). There is some evidence that allele 2,
the least common allele, may play a protective role (Corder et al. 1994). Finding
QTLs that protect rather than increase risk for a disorder is an important direction
for genetic research on psychopathology.

APOE is a QTL in the sense that allele 4, although a risk factor, is neither
necessary nor sufficient for developing dementia. For instance, at least a third of
late-onset Alzheimer’s patients do not have allele 4, and about half of individuals
who have a double dose of this allele survive to age 80 without developing the
disease (Williams 2003). Because APOE does not account for all the genetic influ-
ence on Alzheimer’s disease, the search is on for other QTLs. New linkage studies
of late-onset Alzheimer’s have reported significant linkages on chromosomes 9
and 10 (Liddell et al. 2002, Williams 2003). Finally, more than 40 genes have
shown some evidence of association with Alzheimer’s disease, but none can be
considered confirmed (Schellenberg et al. 2000).

Autism

Just 25 years ago, the origins of autism were thought by many to be entirely
environmental, but family and twin studies altered this view, and autism is now
one of the major targets for molecular genetic research. In 1998 an international
collaborative linkage study reported a strong linkage on chromosome 7 (7931-33)
(International Molecular Genetic Study of Autism Consortium 1998). There have
now been seven genome screens for linkage, six of which have found evidence
for linkage in the 7q31-33 region (Pericak-Vance 2003). The specific gene in this
region has not yet been identified (Bonora et al. 2002). Six of the seven genome
screens have also found evidence for linkage on the short arm of chromosome 2,
but the specific region differs across the studies. Other linkages have been reported
in at least three studies on chromosomes 3, 13, 18, and 19 (Pericak-Vance 2003).
A few candidate gene studies have been reported with particular attention on
the serotonin transporter gene (Kim et al. 2002) and on genes in linkage regions
(Folstein & Rosen-Sheidley 2001).

Reading Disability

One of the first QTLs found to be linked to a human behavioral disorder was a
susceptibility gene for reading disability on chromosome 6 (6p21) (Cardon et al.
1994), a finding that has been replicated in three independent linkage studies
(Willcutt et al. 2003). The 6p21 linkage has been found for diverse reading
measures and also appears to be involved in hyperactivity (Willcutt et al. 2003).
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Linkage has also been reported to chromosome 15 (15g21) in three studies (Williams
2002). Association studies are beginning to narrow down the regions on chromo-
somes 6 and 15 (Morris et al. 2000, Turic et al. 2002). The first genome screen
for reading disability found linkage to chromosome 18 (18p11.2) in three sam-
ples (Fisher et al. 2002) and also replicated reports of linkage on chromosome
2 (Fagerheim et al. 1999, Petryshen et al. 2000). The linkages appear to be gen-
eral to reading disability, including diverse processes such as single word reading,
phonological and orthographic processing, and phoneme awareness (Fisher et al.
2002). When the specific genes are identified for these linkages, it will be interest-
ing to investigate the extent to which the genes’ effects are specific to reading or
extend more broadly to language and other cognitive processes (Fisher & Smith
2001).

Communication Disorders

Although molecular genetics has only recently come to communication disorders,
several successes have been reported (Fisher 2003). The first gene identified for
language impairment involves a unique type of language impairment in a single
family known as the KE family. This much-studied family includes 15 linguis-
tically impaired relatives whose speech has low intelligibility and whose deficits
involve nearly all aspects of language. In this three-generation family, transmission
of the disorder was consistent with a single-gene autosomal dominant pattern of
inheritance. A linkage region (SPCH1) was identified on the long arm of chro-
mosome 7 (7q31) (Fisher et al. 1998). The linkage has recently been shown to
be due to a single nucleotide substitution in the exon 14 coding region of a gene
(FOXP2) in the forkhead/winged-helix (FOX) family of transcription factors (Lai
et al. 2001;. Despite the authors’ caution in noting that the KE family’s unusual
type of speech and language impairment with a single-gene autosomal inheritance
pattern has not been found in any other family, the FOXP2 finding has been hailed
in the media as “the language gene.” However, a study of 270 low-language chil-
dren screened from more than 18,000 children showed that not a single child had
the FOXP2 mutation (Meaburn et al. 2002). In other words, although the exon
14 FOXP2 mutation appears to be responsible for the unusual speech and lan-
guage disorder of the KE family, the mutation is not found among children with
common language impairment. Other coding-region variants in the FOXP2 gene
also show no association with common forms of language impairment (Newbury
et al. 2002).

The first genome-wide QTL linkage screen for language impairment has re-
cently been reported (SLI Consortium 2002). The research was a sib-pair QTL
linkage study of 252 children from 5 to 19 years old in 98 families in which at least
one sibling met selection criteria (at least 1.5 standard deviations below the norms
on either expressive or receptive language tests). In addition to expressive and
receptive language, phonological short-term memory (nonword repetition) was
also assessed. The children were genotyped for 400 markers evenly distributed
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throughout the genome. The results for all possible sibling pairings suggested
linkage on 16 for the nonword repetition test and on 19q for the test of expressive
language. Because linkage designs, even QTL linkage designs, can only detect
relatively large effects on the order of 10% heritabilities or greater, these findings
suggest two genes of large effect, each of which is specific to a single language
measure.,

Although a QTL linkage of this magnitude has been found for reading disabil-
ity, a QTL perspective would expect that most genes show a smaller effect size.
Moreover, quantitative genetic research suggests that genetic effects on language
impairment are general rather than specific to one language process (Dale et al.
2000). Another molecular genetic study of language disability is underway that
incorporates several recent trends in QTL research with the goal of identifying
language-general QTLs of small effect size (Plomin et al. 2002a). Language-
impaired children were identified, not from diagnoses, but from the extreme of a
general language factor that emerged from factor analyses of nine diverse tests of
language (Colledge et al. 2002). Because large samples and association designs
are needed to detect QTLs of small effect size, the study includes 300 language-
impaired children and 1000 control subjects in a case-control association design.
The design uses a direct association approach in which DNA markers are assessed
that can be presumed to be QTLs themselves rather than the much less powerful
indirect association approach that uses anonymous DNA markers indirectly asso-
ciated with the QTL, which is in turn directly associated with the trait. Also, rather
than investigating the few available functional DNA markers in candidate genes, a
systematic genome scan is being conducted of all DNA markers in coding regions
of genes that result in an amino acid substitution. Although such DNA markers
are not necessarily functional they are much more likely to be functional than the
millions of DNA markers in noncoding regions. Genotyping thousands of DNA
markers for such large samples would be daunting, but a technique called DNA
pooling is used in which DNA is pooled from the language-impaired group and
from the control group (Daniels et al. 1998). The two pools of DNA are genotyped
rather than the DNA of all of the individuals in the groups. In order to avoid false
positive results, the study includes various replications such as a within-family
analysis based on dizygotic twin pairs, which controls for ethnic stratification.
This general strategy has been used in the first genome scan for QTL association
for cognitive ability (Plomin et al. 2001b), but results have not as yet been reported
for the association genome scan of language disability.

Mental Retardation

More than 200 genetic disorders, most extremely rare, include mental retardation
among their symptoms (Zechner et al. 2001). For example, phenylketonuria is
a single-gene recessive disorder that occurs in about 1 in 10,000 births. Like
many other single-gene disorders, the molecular genetics of phenylketonuria is
not simple. More than 100 different mutations, some of which cause milder forms
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of retardation, have been tound in the gene (PAH) on chromosome 12 that produces
the enzyme phenylalanine hydroxylase (Guldberg et al. 1998).

An important genetic discovery about two decades ago was the association
with mental retardation of apparent microscopic breakages, “fragile sites,” on
the X chromosome. Fragile X syndrome is now known to be the second most
common specific cause of mental retardation after Down syndrome (Kaufmann &
Reiss 1999). Unul the gene for fragile X was identified in 1991, its inheritance
was puzzling because its risk increased across generations (Verkerk et al. 1991).
The fragile X syndrome is caused by an expanded triplet repeat (CGG) on the X
chromosome (Xq27.3). Parents who inherit X chromosomes with a normal number
of repeats {(6--34) can produce eggs or sperm with an expanded number of repeats
(up to 200, called a premutation. This premutation does not cause retardation in
their offspring. but it is unstable and often leads to much greater expansions in
later generations, especially when it is inherited through the mother. The risk that
a premutation will expand to a full mutation increases over four generations from
5 to 509%, although it is not yet possible to predict when a premutation will expand
to a full mutation. The full mutation causes fragile X in almost all males but in
only half oi the females who are mosaics for the X chromosome in the sense that
one X chromosome is inactivated. The triplet repeat is adjacent to a gene (FMR1),
and a full mutation prevents that gene from being transcribed. Its protein product
(FMRP) appears to bind RNA, which means the gene product regulates expression
of other genes (Weiler et al. 1997).

Three of the most common single-gene disorders that show effects on IQ but
whose primary problem is something other than retardation are Duchenne muscu-
lar dystrophy. Lesch-Nyhan syndrome, and neurofibromatosis, caused by genes on
Xp21,Xq26,and 17q11.2, respectively. Much more common than such single-gene
causes of mental retardation are chromosomal abnormalities that lead to mental
retardation. Most common are abnormalities that involve an entire extra chromo-
some, such as Down syndrome, caused by a trisomy of chromosome 21, which
is the single most prevalent cause of mental retardation, occurring in 1 in 1000
births. As the resolution of chromosomal analysis becomes finer, more minor dele-
tions are being found. A study of children with unexplained moderate to severe
retardation found that 7% percent of them had subtle chromosomal abnormali-
ties as compared with only 0.5% of children with mild retardation (Knight et al.
1999).

Although severe mental retardation has drastic consequences for the affected
individual, mild mental retardation has a larger cumulative effect on society be-
cause many more individuals are affected. Despite its importance, there has never
been a major twin or adoption study of mild mental retardation, and perhaps as
a result there have been no QTL studies. Rather than assuming that mild mental
retardation is due to a concatenation of rare single-gene or chromosomal causes,
the QTL hypothesis is that mild mental retardation is caused by the same multiple
genes that operate throughout the distribution to affect cognitive ability (Plomin
1999).
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Hyperactivity

Recent twin study evidence for high heritability of attention-deficit hyperactivity
disorder as well as a continuous dimension of hyperactive symptoms has led to a
surge in molecular genetic research (Thapar et al. 1999). Although sib-pair linkage
studies are underway, most of this research has concentrated on candidate gene
association studies. Several groups have reported evidence of associations with
the dopamine D4 receptor gene (DRD4), the dopamine transporter gene (DAT1),
and the dopamine D3 receptor gene (DRDS5) (Thapar 2003). For DRD4, 11 of 15
published studies have found evidence of association comparing cases and con-
trols, and a meta-analysis indicates a significant effect with an odds ratio of ~2
(Faraone et al. 2001). Two of three studies have found a stronger DRD4 association
for children who respond well to methylphenidate (Thapar 2003). Meta-analysis of
published results for DAT1 found six studies showing significant association and
four that did not, with an overall odds ratio of 1.16 (Curran et al. 2001). However,
there was significant evidence of heterogeneity between the datasets, and recently
a far greater odds ratio of 8 has been reported in a Taiwanese population (Chen et al.
2002). A recent study of 311 pairs of unselected dizygotic twins found significant
association between DAT | and hyperactivity as a quantitative trait both within and
between twin pairs (Asherson et al. 2002). DRDS5 was also associated with hyper-
activity (Daly et al. 1999), and three independent studies have subsequently shown
nonsignificant trends in the same direction (Thapar 2003). Finally, two recent re-
ports found evidence for association between a single nucleotide polymorphism in
the SHT1B gene in two large collaborative datasets (Hawi et al. 2002, Quist et al.
2002).

Alcoholism

The most well-known association with alcoholism is a recessive allele (ALDH2*2)
that leads to low activity of acetaldehyde dehydrogenase, a key enzyme in the
metabolism of alcohol. The buildup of acetaldehyde after alcohol is consumed
leads to unpleasant symptoms such as flushing and nausea, thus protecting indi-
viduals against development of alcoholism. About half of East Asian individuals
are homozygous for ALDH2*2, and hardly any such individuals have been found
to be alcoholic. This is the major reason why rates of alcoholism are much lower in
Asian than in Caucasian populations (Heath et al. 2003). Moreover, in a Japanese
population, individuals with two copies of the ALDH2*2 allele consume ten times
less alcohol per month than individuals who do not have the ALDH2*2 allele.
Individuals with just one copy of the ALDH2*2 allele drink three times less per
month than individuals without the allele (Higuchi et al. 1994). However, because
the ALDH2*2 allele is rare in European populations, it contributes only negligibly
to alcoholism in European populations (Borras et al. 2000).

Many early studies focused on a common polymorphism close to the dopamine
D2 receptor, an association first reported in 1990 (Blum et al. 1990), which led to
media reports that “the alcoholism gene” had been found. Subsequent failures to
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reproduce these results led to an equally uninformed backlash that damaged the
credibility of association mapping efforts for all complex traits. A decade later
the association remains controversial (Gorwood et al. 2000). A special issue for
this dopamine D2 receptor gene polymorphism is that it shows large frequency
differences between populations, as does alcoholism, which could create spuri-
ous associations if probands and controls are not well matched (Gelernter et al.
1993). Supporting this concern are the negative results that have come from re-
search using within-family designs that control for ethnic stratification (Edenberg
et al. 1998).

Of all of the candidate genes examined for association with alcoholism, the
most promising are GABA , receptor genes (on chromosome 5q33-34). Several
linkage studies of alcoholism have also been reported (Reich et al. 1999). A large
QTL linkage study called the Collaborative Study on the Genetics of Alcoholism
(COGA) includes 105 multigenerational families and 1200 families with at least
three first-degree relatives including the alcoholic proband (Reich et al. 1998). For
the multigenerational families, linkage was suggested on chromosomes 1, 4, and
7. COGA collaborations have led to publication of 68 papers describing diverse
analyses of this remarkable dataset (Almasy & Borecki 1999). QTL research has
begun to turn to other drugs of abuse, but no clear associations have yet emerged
(Ball & Collier 2002, Heath et al. 2003). A promising new area for QTL research
is individual differences in response to psychotropic medication (Aitchison & Gill
2003, Masellis et al. 2002).

Although mouse models have been developed for several domains such as de-
pression, anxiety, dementia, and hyperactivity, they have been most widely used for
finding QTLs in psychopharmacogenetics, especially for alcohol-related behavior
{Craig & McClay 2003). Association studies of mice have definitively mapped at
least 24 QTLs for alcohol drinking, alcohol-induced loss of righting reflex, and
acute alcohol withdrawal, as well as other drug responses (Crabbe et al. 1999).
Current research aims to narrow the chromosomal address of these QTL regions
(e.g., Fehr et al. 2002). One study identified 5 QTLs that are associated with the
large difference between lines selected for alcohol sensitivity (Markel et al. 1997).
Alcohol sensitivity was assessed by sedation or “sleep time” following a dose of
alcohol, with the “long-sleep” and “short-sleep” lines differing by 170 minutes.
Each of the 5 QTLs conferred a difference in sleep time of about 20 minutes.
Thus, if a mouse possessed all 5 short-sleep alleles, its genotype could account
for 130 minutes of the total of 170 minutes in sleep-time difference between the
long-sleep and short-sleep mice. Finding such sets of QTLs is the goal for human
psychopathology. Despite the ability of mouse models to identify QTLs, mouse
model QTL research on alcohol has not yet led to the identification of QTLs for
human alcoholism. As noted earlier, mouse models are likely to be of greatest
benefit for understanding how genes work (functional genomics) rather than for
finding human QTLs. The special power of mouse models is the ability to con-
trol and manipulate both genotype and environment {Crabbe 2003, Phillips et al.
2002).
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CONCLUSIONS

Early molecular genetic work focused on single-gene disorders in which a single
gene is necessary and sufficient for a disorder. However, single-gene disorders
tend to be severe but rare, whereas less severe but common disorders typical of
psychopathology are likely to be influenced by multiple genes. The most recent
example is the finding that a mutation in the FOXP2 gene causes language impair-
ment of a severe and unusual sort (Lai et al. 2001). This mutation appears to be
unique to the KE family; for example, the mutation was not found in a single child
in a sample of 270 low-language children (Meaburn et al. 2002). Similarly, rare
single-gene disorders have been found for early-onset dementia and severe men-
tal retardation. It is possible, but seems highly unlikely, that common disorders
are a concatenation of such rare single-gene disorders, a hypothesis facetiously
called the one-gene-one-disorder (OGOD) hypothesis (Plomin et al. 1994). The
field has moved toward a QTL hypothesis, which assumes that multiple genes
affect common disorders and result in a quantitative continuum of vulnerability.
This QTL perspective suggests that common disorders are the quantitative extreme
of the same genetic factors responsible for variation throughout the distribution.
The QTL hypothesis is by no means proven, but it is entirely an empirical issue. It
predicts that when genes are found that are associated with common psychopathol-
ogy the genes will be associated with variation throughout the distribution. Thus,
phenotypic measurement (Farmer et al. 2002) will continue to be a key issue, but
diagnosis of a precise cut-off for psychopathology will be of less concern because
cut-offs are arbitrary if disorders are really the extremes of dimensions. For exam-
ple, a recent book on molecular genetic research on personality views personality
traits as endophenotypes of psychiatric disorders (Benjamin et al. 2002).

A major implication of this QTL perspective is that if multiple genes affect
common disorders typical of psychopathology, the effect size of a particular gene
is likely to be small. However, the distribution of effect sizes of QTLs is not known
for any complex trait. From the single-gene perspective, in which the effect size of
a gene is 100%, an effect size of 10% seems small. An effect size of 10% is in the
range that can be detected by QTL linkage designs with feasible sample sizes. QTL
linkages as in the case of the 6p21 linkage for reading disability and the APOE
association with late-onset Alzheimer’s disease indicate that there are some QTLs
of this magnitude. However, the slow progress in identifying replicable associations
for complex traits seems most likely to be due to a lack of power to detect QTLs
of much smaller effect size (Cardon & Bell 2001). For this reason, it has been
recommended that QTL studies aim to break the 1% barrier (Plomin et al. 2003b).
Breaking this QTL barrier will require direct association designs using functional
polymorphisms and sample sizes much larger than we have seen so far. A gloomier
prospect is that if QTL effect sizes are less than 1% or if QTLs interact, it will be
difficult to detect them reliably. If that is the case, the solution is to increase the
power of research designs even more in order to track down the QTLs responsible
for the ubiquitous and substantial heritability of psychopathology. DNA pooling,
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mentioned above, will be useful in this context because it costs no more to genotype
1000 individuals than 100 individuals.

Although molecular genetic research in psychopathology only began in earnest
adecade ago, this is an extremely energetic and exciting area of research. Its future
looks bright because complex traits like psychopathology will be the major bene-
ficiaries of postgenomic developments that facilitate the investigation of complex
traits influenced by many genes as well as by many environmental factors. This
will happen first by finding genes associated with psychopathology and then by
understanding the mechanisms by which those genes affect psychopathology at
all levels of analysis from the cell to the brain to the whole organism. The most
exciting prospect is the integration of quantitative genetics, molecular genetics,
and functional genomics for a new focus on behavioral genomics. This integra-
tion is more than methodological and technological. Because DNA is the ultimate
common denominator, genetic research on psychopathology in the postgenomic

era will become increasingly integrated into the life sciences.

The Annual Review of Psychology is online at http://psych.annualreviews.org

LITERATURE CITED

Abecasis GR, Cardon LR, Cookson WO. 2000.
A general test of association for quantitative
traits in nuclear families. Am. J. Hum. Genet.
66(1):279-92

Aitchison KJ, Gill M. 2003. Response to psy-
chotropic medication. See Plomin et al.
2003b, pp. 335-61

Almasy L, Borecki IG. 1999. Exploring gene-
tic analysis of complex traits through the
paradigm of alcohol dependence: summary
of GAW 11 contributions. Genet. Epidemiol.
17(S1):1-24

Asherson P, Xu X, Mill J, Curran S, Sham P.
et al. 2002. The dopamine transporter gene
is a quantitative trait locus (QTL) for early
hyperactivity. Submitted

Badner JA, Gershon ES. 2002. Regional meta-
analysis of published data supports linkage
of autism with markers on chromosome 7.
Mol. Psychiatry 7:56-66

Ball D, Collier DA. 2002. Substance misuse.
See McGulffin et al. 2002

Banks RE. Dunn MJ, Hochstrasser DF, Sanchez
JC, Blackstock W, et al. 2000. Proteomics:
new perspectives, new biomedical opportu-
nities. Lancer 356(9243):1749-56

Baron M. 2002. Manic-depression genes and
the new millennium: poised for discovery.
Mol. Psychiatry 7(4):342-58

Benjamin J, Ebstein RP, Belmaker RH. 2002.
Molecular Generics and the Human Per-
sonality. Washington, DC: Am. Psychiatr.
Publ.

Berrettini WH. 2000. Susceptibility loci for
bipolar disorder: overlap with inherited vul-
nerability to schizophrenia. Biol. Psychiatry
47:245-51

Bishop T, Sham PC. 2000. Analysis of Multi-
facrorial Disease. London: Bios

Blum K, Noble EP, Sheridan PJ, Montgomery
A, Ritchie T, et al. 1990. Allelic association
of human dopamine D, receptor gene in al-
coholism. JAMA 263:2055-60

Bonora E, Bacchelli E, Levy ER, Blasi F, Mar-
low A, et al. 2002. Mutation screening and
imprinting analysis of four candidate genes
for autism in the 7q32 region. Mol. Psychia-
try 7(3):289-301

Borras E, Coutelle C, Rosell A, Fernandez-
Muixi F, Broch M, et al. 2000. Genetic poly-
morphism of alcohol dehydrogenase in Eu-
ropeans: the ADH2*2 allele decreases the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



224

PLOMIN & McGUFFIN

risk for alcoholism and is associated with
ADH3*1. Hepatology 31(4):984-89

Brett D, Pospisil H, Valcarcel J, Reich J, Bork P.
2002. Alternative splicing and genome com-
plexity. Nat. Genet. 30:29-30

Buck KJ, Crabbe JC, Belknap JK. 2000. Alco-
hol and other abused drugs. In Genetic Influ-
ences on Neural and Behavioral Functions,
ed. DW Pfaff, WH Berrettini, TH Joh, SC
Maxson, pp. 159-83. Boca Raton, FL: CRC
Press

Cardno AG, Rijsdijk FV, Sham PC, Murray
RM. McGuffin P. 2002. A twin study of ge-
netic relationships between psychotic symp-
toms. Am. J. Psychiatry 159:539-45

Cardon LR. 2003. Practical barrier to identi-
fying complex trait loci. See Plomin et al.
2003b, pp. 59-69

Cardon LR, Bell J. 2001. Association study de-
signs for complex diseases. Nar. Genet. 2:91-
99

Cardon LR, Smith SD, Fulker DW, Kimberling
W1, Pennington BF, DeFries JC. 1994, Quan-
titative trait locus for reading disability on
chromosome 6. Science 266:276-79

Chen CK, Huang YS, Lin SK, Chen SL, Mill
J, et al. 2002. Is the size of the genetic
risk for ADHD associated with DAT1 un-
derestimated? A study of DAT! in a Tai-
wanese ADHD sample. Mol. Psychiatry. In
press

Colledge E, Bishop DVM, Dale P, Koeppen-
Schomerus G. Price TS, et al. 2002. The
structure of language abilities at 4 years: a
twin study. Dev. Psychol. In press

Collier DA, Arranz MJ, Li T, Mupita D, Brown
N, Treasure J. 1997. Association between
5-HT2A gene promoter polymorphism and
anorexia nervosa. Lancet 350:412

Collier DA, Stober G, Li T, Heils A, Catalano
M., et al. 1996. A novel functional polymor-
phism within the promoter of the serotonin
transporter gene: possible role in suscepti-
bility to affective disorders. Mol. Psychiatry
1:453-60

Corder EH, Saunders AM, Risch NJ, Strittmat-
ter WJ, Schmechel DE, et al. 1994, Protec-
tive effect of apolipoprotein E type 2 allele

for late onset Alzheimer disease. Nat. Genet.
7:180-84

Corder EH, Saunders AM, Strittmatter WJ,
Schmechel DE, Gaskell PC, et al. 1993. Gene
dose of apolipoprotein E type 4 allele and the
risk of Alzheimer’s disease in late onset fam-
ilies. Science 261(5123):921-23

Coyle N, Jones [, Robertson E, Lendon C, Crad-
dock N. 2000. Variation at the serotonin
transporter gene influences susceptibility to
bipolar affective puerperal psychosis. Lancet
356(9240):1490-91

Crabbe JC. 2003. Finding genes for complex
behaviors: progress in mouse models of the
addictions. See Plomin et al. 2003b, pp. 291-
308

Crabbe JC, Phillips TJ, Buck KJ, Cunningham
CL, Belknap JK. 1999. Identifying genes for
alcohol and drug sensitivity: recent progress
and future directions. Trends Neurosci. 22:
173-79

Craig I, McClay J. 2003. The role of molecular
genetics in the postgenomics era. See Plomin
et al. 2003b, pp. 1940

Crusio WE, Gerlai RT. 1999. Handbook of
Molecular-Genetic Techniques for Brain and
Behavior Research. Amsterdam: Elsevier

Cruts M, van Duijn CM, Backhovens H, van den
Broeck M, Wehnert A. 1998. Estimation of
the genetic contribution of presenilin-1 and 2
mutations in a population-based study of pre-
senile Alzheimer disease. Hum. Mol. Genet.
71:43-51

Curran S, Mill J, Tahir E, Kent L, Richards
S. et al. 2001. Association study of a dopa-
mine transporter polymorphism and atten-
tion deficit hyperactivity disorder in UK and
Turkish samples. Mol. Psychiatry 6:425-28

Dale PS, Dionne G, Eley TC, Plomin R. 2000.
Lexical and grammatical development: a be-
havioral genetic perspective. J. Child Lang.
27(3):619-42

Daly G, Hawi Z, Fitzgerald M, Gill M.
1999. Mapping susceptibility loci in atten-
tion deficit hyperactivity disorder: preferen-
tial transmission of parental alleles at DATI,
DBH and DRDS to affected children. Mol.
Psvchiatry 4:192-96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




PSYCHOPATHOLOGY IN THE POSTGENOMIC ERA

225

Daniels GM, Buck KJ. 2002, Expression profil-
ing identifies strain-specific changes associ-
ated with ethanol withdrawal in mice. Genes
Brain Behay. 1:35-45

Daniels J, Holmans P, Plomin R, McGuffin P,
Owen M. 1998. A simiple method for analyz-
ing microsatellite allele image patterns gen-
erated from DNA pools and its application
to allelic association studies. Am. J. Hum.
Genet. 62:1189-97

Eddy SR. 2001. Non-coding RNA genes and
the modern RNA world. Nat. Rev. Genet.
2(12):919-29

Edenberg HJ, Farcud T, Koller DL, Goate A,
Rice J, et al. 1998. A family-bases analysis
of the association of the dopamine D2 recep-
tor (DRD2) with alcoholism. Alcohol. Clin.
Exp. Res. 22(2):505-12

Edwards TH. 1965, The meaning of the asso-
ciations between blood groups and disease.
Ann. Hum. Genet. 29:.77--83

Egeland JA, Gerhard DS, Pauls DL, Sussex JN,
Kidd KK, et al. 1987. Bipolar aftective disor-
ders linked to DNA markers on chromosome
11. Narure 325(26):783-87

Eley TC, Collier DA, McGuffin P. 2002. Anxi-
ety and eating disorders. See McGuffin et al.
2002

Fagerheim T, Raeymaekers P. Tonnessen FE,
Pedersen M, Tranebjaerg L, Lubs HA, 1999.
A new gene (DYX3) for dyslexia is located
on chromosome 2.J. Med. Genet. 36:664-69

Falconer DS. 1965. The inheritance of liabil-
ity to certain discases estimated from the in-
cidence among relatives. Ann. Hum. Genel.
29:51-76

Faraone SV, Doyle AE, Mick E, Biederman J.
2001. Meta-analysis of the association be-
tween the 7-repeat allele of the dopamine
D(4) receptor gene and attention deficit
hyperactivity disorder. Am. J. Psychiatry
158(7):1052-57

Farmer A, McGuffin P, Williams J. 2002. Mea-
suring Psvchopathology. Oxford: Oxford
Univ. Press

Farrer LA, Cupples LA, Haines JL. Hyman
B, Kukull WA, et al. 1997, Effects of age,
sex, and ethnicity on the association be-

tween apolipoprotein E genotype and Alzhei-
mer disease. A meta-analysis. APOE and
Alzheimer Disease Meta Analysis Consor-
tium. JAMA 278(16):1349-56

Fehr C, Belknap JK, Crabbe JC, Buck KJ. 2002,
Congenic mapping of alcohol and pentobar-
bital withdrawal liability quantitative trait
loci to a 0.9 ¢cM region of mouse chromo-
some 4: identification of Mpdzas a candidate
gene. J. Neurosci. 22(9):3730-38

Fisher SE. 2003. Isolation of the genetic factors
underlying speech and language disorders.
See Plomin et al. 2003b, pp. 205-26

Fisher SE, Francks C, Marlow AJ, MacPhie
IL. Newbury DF, et al. 2002. Indepen-
dent genome-wide scans identify a chromo-
some 18 quantitative-trait locus influencing
dyslexia. Nat. Gener. 30(1):86-91

Fisher SE, Smith SD. 2001. Pragress Towards
the Identification of Genes Influencing De-
velopmental Dyslexia. London: Whurr

Fisher SE, Vargha-Khadem F, Watkins KE,
Monaco AP, Pembrey ME. 1998. Localisa-
tion of a gene implicated in a severe speech
and language disorder. Nar. Genet. 18:168—
70

Folstein SE, Rosen-Sheidley B. 2001. Genetics
of autism: complex aetiology for a heteroge-
neous disorder. Nat. Rev. Genet. 2:943-55

GelernterJ, Goldman D, Risch N. 1993, The A1
allele at the D- dopamine receptor gene and
alcoholism: a reappraisal. JAMA 269:1673—
77

Gorwood P, Batel P, Gouya L, Courtois F, Fein-
gold J, Ades J. 2000. Reappraisal of the asso-
ciation between the DRD2 gene. alcoholism
and addiction. Eur. Psychiatry 15(2):90-96

Guldberg P, Rey F, Zschocke J. Romano V,
Francois B, etal. 1998. A European multicen-
ter study of phenylalanine hydroxylase defi-
ciency: classification of 105 mutations and
a general system for genotype-based predic-
tion of metabolic phenotype. Am. J. Hum.
Genet. 63:71-79

Gusella JF, Wexler NS, Conneally PM, Naylor
SL. Anderson MA, Tanzi RE. 1983. A poly-
morphic DNA marker genetically linked to
Huntington’s disease. Nature 306:234-38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



226

PLOMIN & McGUFFIN

Hawi Z, Dring M, Kirley A, Foley D, Kent L,
et al. 2002. Serotonergic system and atten-
tion deficit hyperactivity disorder (ADHD):
a potential susceptibility locus at the 5-HT1B
receptor gene in a multi-centre sample. Mol.
Psychiatry. In press

Heath AC, Madden PAF, Bucholz KK, Nel-
son EC, Todorov A, et al. 2003. Genetic and
genotype x environment interaction effects
on risk of dependence on alcohol, tobacco,
and other drugs: new research. See Plomin
et al. 2003b, pp. 309-34

Higuchi S, Matsushita S, Imazeki H, Kinoshita
T, Takagi S, Kono H. 1994. Aldehyde dehy-
drogenase genotypes in Japanese alcoholics.
Lancer 343:741-42

Hunt. Dis. Coilab. Res. Group. 1993. A novel
gene containing a trinucleotide repeat that is
expanded and unstable on Huntington’s dis-
ease chromosomes. Cell 72:971-83

Int. Hum. Genome Seg. Comnsort. 2001. Ini-
tial sequencing and analysis of the human
genome. Nature 409:860-921

Int. Mol. Genet. Study Autism Consort. 1998. A
full genome screen for autism with evidence
for linkage to a region on chromosome 7q.
Hum. Mol. Genet. T:571-78

Jones I, Kent L, Craddock N. 2002. Genetics
of affective disorders. See McGuffin et al.
2002

Kalidindi S, McGuffin P. 2003. The genetics of
affective disorders: current and future. See
Plomin et al. 2003b, pp. 481-501

Kaufmann WE, Reiss AL. 1999. Molecular and
cellular genetics of fragile X syndrome. Am.
J. Med. Genet. 88:11-24

Kim S-J, Cox N, Courchesne R, Lord C, Cor-
sello C, et al. 2002. Transmission disequili-
brium mapping at the serotonin transporter
gene (SLC6A4) region in autistic disorder.
Mol. Psychiatry 7:278-88

Knight SJL, Regan R, Nicod A, Horsley SW,
Kearney L, et al. 1999. Subtle chromosomal
rearrangements in children with unexplained
mental retardation. Lancet 354(9191):1676—
81

Lai CS, Fisher SE, Hurst JA, Vargha-Khadem F,
Monaco AP. 2001. A forkhead-domain gene

is mutated in a severe speech and language
disorder. Nature 413(6855):519-23

Lesch KP, Bengel D, Heils A, Sabol SZ, Green-
berg BD, et al. 1996. Association of anxiety-
related traits with a polymorphism in the
serotonin transporter gene regulatory region.
Science 274:1527-31

Lesch PK. 2003. Neuroticism and serotonin:
a developmental genetic perspective. See
Plomin et al. 2003b, pp. 389423

Levinson DF, Holmans PA, Laurent C, Riley B,
Pulver AE, et al. 2002. No major schizophre-
nia locus detected on chromosome 1q in a
large multicenter sample. Science 296:739—
41

Liddell MB, Williams J, Owen MJ. 2002. The
dementias. See McGuffin et al. 2002

Malhi GS, Moore J, McGuffin P. 2000. The ge-
netics of major depression. Curr. Psychiatry
Rep. 2:165-69

Markel PD, Bennett B, Beeson M, Gordon L,
Johnson TE. 1997. Confirmation of quantita-
tive trait loci for ethanol sensitivity in long-
sleep and short-sleep mice. Genome Res.
7:92-99

Masellis M, Basile VS, Muglia P, Ozdemir V,
Macciardi FM, et al. 2002. Psychiatric phar-
macogenetics: personalizing psychostimu-
lant therapy in attention-deficit/hyperacti-
vity disorder. Behav. Brain Res. 130:85-90

McGuffin P, Gottesman II, Owen MJ. 2002. The
Genetics of Psychiatric Disorders. Oxford:
Oxford Univ. Press. In press

Meabum E, Dale PS, Craig [W, Plomin R. 2002.
Language impaired children. No sign of the
FOXP2 mutation. NeuroReport. 13(8):1-3

Mortris DW, Robinson L, Turic D, Duke M,
Webb V, et al. 2000. Family-based associ-
ation mapping provides evidence for a gene
for reading disability on chromosome 15g.
Hum. Mol. Genet. 9(5):843-48

Newbury DF, Bonora E, Lamb JA, Fisher SE,
Lai CSL, et al. 2002. FOXP2 is not a ma-
jor susceptibility gene for autism or specific
language impairment. Am. J. Hum. Genet.
70:1318-27

Ogawa S, Pfaff DW. 1996. Application of anti-
sense DNA method for the study of molecular

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




PSYCHOPATHOLOGY IN THE POSTGENOMIC ERA

227

bases of brain function and behavior. Behav.
Genet. 26:279-92

Owen MJ, O’Donovan MC. 2003. Schizophre-
nia. See Plomin et al. 2003b, pp. 463-80

Pericak-Vance MA. 2003. The genetics of autis-
tic disorder. See Plomin et al. 2003b, pp. 267
88

Petryshen TL, Kaplan BL, Hughes ML, Field
LL. 2000. Evidence for the chromosome
2pl5-pl6  dyslexia  susceptibility locus
(DYX3) in a large Canadian data set. Am. J.
Med. Genet. 96(4):473

Phillips TJ, Belknap JK, Hitzemann RJ, Buck
KJ, Cunningham CL. Crabbe JC, 2002. Har-
nessing the mouse to unravel the genetics of
human disease. Genes Brain Behav. 1:14-26

Plomin R. 1999. Genetic research on general
cognitive ability as a model for mild men-
tal retardation. fnt. Rev. Psvchiatry 11:34—
36

Plomin R, Colledge E, Dale PS. 2002a. Genet-
ics and the development of language disabil-
ities and abilities. Curr. Paediatr. In press

Plomin R, Crabbe JC. 2000. DNA. Psychol.
Bull. 126(6):806-28

Plomin R, DeFries JC, Craig IW, McGuffin P.
2003a. Behavior genetics. See Plomin et al.
2003b, pp. 3-15

Plomin R, DeFries JC, Craig IW, McGuffin P.
2003b. Behavioral Genetics in the Postge-
nomic Era. Washington, DC: APA Books

Plomin R, DeFries JC, Craig IW, McGuffin
P. 2003c. Behavioral genomics. See Plomin
et al. 2003b, pp. 53140

Plomin R, DeFries JC, McClearn GE, McGuf-
fin P. 2001a. Behuvioral Genetics. New York:
Worth. 4th ed.

Pilomin R. Hill L, Craig IW, McGuffin P, Pur-
cell S, et al. 2001b. A genome-wide scan of
1842 DNA markers for allelic associations
with general cognitive ability: a five-stage
design using DNA pooling. Behav. Genet.
31(6):497-509

Plomin R, Owen MJ, McGuffin P. 1994, The
genetic basis of complex human behaviors.
Science 264(5166):1733-39

Pritchard JK, Rosenberg NA. 1999. Use of un-

linked genetic markers to detect population

stratification in association studies. Am. J.
Hum. Genet. 65(1):220-28

Quist JE, Barr CL, Schachar R, Roberts W, Mal-
one M, et al. 2002. The serotonin 5-HTI1B
receptor gene and attention deficit hyperac-
tivity disorder (ADHD). Mol. Psychiatry. In
press

Reich T, Edenberg HJ, Goate A, Williams J,
Rice J, et al. 1998. Genome-wide search
for genes affecting the risk for alcohol
dependence. Am. J. Med. Genet. 81:207—
15

Reich T, Hinrichs A, Culverhouse R, Beirut
L. 1999. Genetics studies of alcoholism and
substance dependence. Am. J. Hum. Genet.
65:599-605

Risch NJ. 2000. Searching for genetic deter-
minants in the new millennium. Nature 405:
847-56

Rutter M, Silberg J. 2002. Gene-environment
interplay in relation to emotional and be-
havioral disturbance. Annu. Rev. Psychol.
53:463-90

Schellenberg GD, D’Souza I, Poorkaj P. 2000.
The genetics of Alzheimer’s disease. Curr.
Psychiatry Rep. 2:158—64

Scott WK, Pericak-Vance MA, Haines JL.
1997. Genetic analysis of complex diseases.
Science 275:1327

Sham P. 2003. Recent developments in quan-
titative trait loci analysis. See Plomin et al.
2003b, pp. 41-53

Sham PC, Cherny SS, Purcell S, Hewitt J. 2000.
Power of linkage versus association analy-
sis of quantitative traits, by use of variance-
components models, for sibship data. Am. J.
Hum. Genet. 66:1616-30

Sherrington R, Brynjolfsson J, Petursson H,
Potter M, Dudleston K, et al. 1988. Localisa-
tion of susceptibility locus for schizophrenia
on chromosome 5. Nature 336:164-67

Sherrington R, Rogaev El, Liang Y, Rogaeva
EA, Levesque G, et al. 1995. Cloning of a
gene bearing mis-sense mutation in early-
onset familial Alzheimer’s disease. Nature
375:754-60

SLI Consortium. 2002. A genome wide scan
identifies two novel loci involved in specific

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



228

PLOMIN ® McGUFFIN

language impairment. Am.J. Hum. Genet. 70:
384-98

Spielman RS, Ewens WJ. 1996. The TDT and
other family-based tests for linkage disequi-
librium and association. Am. J. Hum. Genet.
59:983-89

St. George-Hyslop P, Haines J, Rogaev E, Mor-
tilla M, Vaula G, etal. 1992. Genetic evidence
for a novel familial Alzheimer’s disease locus
on chromosome 14. Nar. Genet. 2:330--34

Sturt E, McGuffin P. 1985. Can linkage and
marker association resolve the genetic aeti-
ology of psychiatric disorders? Review and
argument. Psychol. Med. 15(3):455-62

Tabor HK, Risch NJ, Myers RM. 2002. Can-
didate-gene approaches for studying com-
plex genetic traits: practical considerations.
Nat. Rev. Genet. 3(5):391-97

Thapar A. 2003. Attention deficit hyperactiv-
ity disorder: new genetic findings, new direc-
tions. See Plomin et al. 2003b, pp. 445-62

Thapar A, Holmes J, Poulton K, Harrington R.
1999. Genetic basis of attention deficit and
hyperactivity. Br. J. Psychiatry 174:105-11

Turecki G, Rouleau GA, Mari J, Joober R, Mor-
gan K. 1997. Lack of association between
bipolar disorder and tyrosine hydroxylase: a
meta-analysis. Am. J. Med. Genet. 74:348~
52

Turic D, Robinson L, Duke M, Morris DW,
Webb V, et al. 2002. Linkage disequilibrium
mapping provides further evidence for a gene
for reading disability on chromosome 6p21.
Mol. Psychiatry. In press

Van Broeckhoven D, Verheyen G. 1999. Re-
port of the chromosome 18 workshop. Am. J.
Med. Genet. 882:263-70

Verkerk AJMH. Pieretti M, Sutcliffe JS, Fu
Y-H, Kuhl DPA, et al. 1991. Identification
of a gene (FMR-1) containing a CGG repeat
coincident with a breakpoint cluster region
exhibiting length variation in fragile X syn-
drome. Cell 65:905-14

Wahlsten D. 1999. Single-gene influences on
brain and behavior. Anni. Rev. Psychol. 50:
599-624

Waterworth DM, Bassett AS, Brzustowicz

LM. 2002. Recent advances in the genetics
of schizophrenia. Cell. Mol. Life Sci. 59(2):
331-48

Weiler I, Irwin S, Klinstova AV, Spencer CM,
Comery TA, et al. 1997. Fragile X mental re-
tardation protein is translated near synpases
in response to neurotransmitter activation.
Proc. Natl. Acad. Sci. USA 94:5394-400

Weiss KM, Terwilliger JD. 2000. How many
diseases does it take to map a gene with SNPs,
Nat. Genet. 26(2):151-57

Willcutt EG, DeFries JC, Pennington BF, Smith
SD, Cardon LR, Olson RK. 2003. Genetic
ctiology of comorbid reading difficulties and
ADHD. See Plomin et al. 2003b, pp. 22746

Williams J. 2003. Dementia. See Plomin et al.
2003b, pp. 503-27

Williams J. 2002. Language disorders. See
McGuffin et al. 2002

Williams J, McGuffin P, Nothen M, Owen MIJ,
Group EC. 1997. A meta analysis of associ-
ation between the 5-HT2a receptor T102C
polymorphism and schizophrenia. Lancet
349:1221

Wilhams J, Spurlock G, Holmans P, Mant R,
Murphy K, et al. 1998. A meta-analysis and
transmission disequilibrium study of associa-
tion between the dopamine D3 receptor gene
and schizophrenia. Mol. Psychiatry 3:141-
49

Williams NM, Rees M1, Holmans P, Norton N,
Cardno AG, et al. 1999. A two-stage genome
scan of schizophrenia susceptibility genes in
196 affected sibling pairs. Hum. Mol. Genet.
8:1729-40

Zechner U, Wilda M, Kehrer-Sawatzki H, Vo-
gel W, Fundele R, Hameister H. 2001. A high
density of X-linked genes for general cogni-
tive ability: a runaway process shaping hu-
man evolution? Trends Genet. 17:697-701

Ziegler A, Hebebrand J, Gorg T, Rosenkranz
K, Fichter MM, et al. 1999. Further lack of
association between the S-HT2A gene pro-
moter polymorphism and susceptiblity to eat-
ing disorders and a meta-analysis pertaining
1o anorexia nervosa. Mol. Psychiatry 4:410-
17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




